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AN INVESTIGATION OF THE SUBSONIC, TRANSONIC, AND SUPERSONIC
AFRODYNAMIC CHARACTERISTICS OF A PROPOSED ARROW-WING
TRANSPORT ATRPLANE CONFIGURATION®
By Richard T. Whitcomb, James C. Patterson, Jr.,
and Thomas C. Kelly

ABSTRACT

The principal feature of the configuration investigated is the integration
of the engine nacelles into the rearward part of the wing. Wind-tunnel measure-
ments of the aerodynamic forces and moments and sonic-boom intensity have been
made at Mach numbers from 0.5 to 3.5. Various means for improving the off-design
characteristics have been investigated at Mach numbers from 0.5 to 2.0.

*
Title, Unclassified.
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TECHNICAL MEMORANDUM X-800

AN INVESTIGATION OF THE SUBSONIC, TRANSONIC, AND SUPERSONIC
AFRODYNAMIC CHARACTERISTICS OF A PROPOSED ARROW-WING
TRANSPORT ATIRPLANE CONFIGURATION*

By Richard T. Whitcomb, James C. Patterson, Jr.,
and Thomas C. Kelly

SUMMARY

The results of a wind-tunnel investigation of the aerodynamic characteris-
tics at high subsonic, transonic, and supersonic flight conditions are presented
for a proposed improved arrow-wing transport airplane configuration designed for
a maximum cruise Mach number of 3.2. The principal feature of the combination
is the integration of the engine nacelles into the rearward part of the wing.
Estimates based on the experimental results presented suggest that an:airplane
based on the proposed combination would achieve relatively high supersonic 1ift-
drag ratios, acceptable lift-drag ratios at subsonic and transonic speeds with
trailing-edge flaps deflected a small amount, and a sonic-boom level at the
ground of about 1.5 pounds per square foot for reasonable operating altitudes.

INTRODUCTION

It is generally agreed that the attainment of a competitive, long-range
supersonic commercial aircraft will require, among other factors, the achieve-
ment of supersonic lift-drag ratios substantially higher than those obtained with
a simple delta-wing configuration similar to present long-range supersonic cruise
military airplanes. Further, to provide acceptable sonic-boom levels at the
ground with a reasonable climb-acceleration flight path for such an airplane,
sonic-boom pressure signatures substantially lower than those for the delta-wing
configuration (ref. 1) will be required. One approach for accomplishing these
objectives, a special treatment of a highly swept arrow wing, is proposed in
reference 2.

Although the supersonic characteristics for the representative transport
configuration based on the proposed approach of reference 2 appeared quite prom-
ising, exploratory investigations of this airplane indicated unacceptable low
lift-drag ratios at high subsonic and transonic speeds. Therefore, a number of
means for improving the off-design characteristics of this configuration have

*Pitle, Unclassified.
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been 1nvest1ga’eeg1 .Also,:tb pfovnaeoay bagls fox"tne.evaluatzen of the overall
feasibility of*gld a;:rﬁlané basad em the spropdsel *applroach, the aerodynamic char-
acteristics of the representative configuration for the range of probable
operating speeds and attitudes have been obtained. Further, a limited study has
been made of the effects of changes in certain key design parameters, such as
fuselage size and wing sweep. Finally, experimental measurements have been made
to evaluate the probable sonic-boom level for the proposed combination. Selected
results from these investigations and analyses are presented herein for the Mach
number range from 0.50 to 3.50. Results obtained for the proposed configuration
at landing and take-off speeds (Mach number of 0.20) may be found in reference 3.

SYMBOLS
A aspect ratio
b wing span
Cp drag coefficient, %:-éﬁ
ACp incremental drag coefficient
CD,b nacelle base drag coefficient, Nacellquase drag
CD,i internal duct drag coefficient, Internal guct drag
q
cy, 1ift coefficient, Lift
qS
ACT, incremental 1ift coefficient
Cm pitching-moment coefficient, Pltchlzgamoment
ACpy incremental pitching-moment coefficient
c mean geometric chord
d diameter
i incidence of wing section, deg
L characteristic length of sonic-boom model (1 inch was used for

present investigation)

M free-stream Mach number
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free-stream static pressure

free-stream total pressure

incremental pressure above or below ambient due to flow field of
sonic-boom model

maximum value of Ap at bow shock

maximum pressure ratio at bow shock

free-stream dynamic pressure
Reynolds number

wing area

thickness ratio of wing section
total volume of airplane

weight of airplane

Cartesian coordinates of sonic-boom field, point X measured in
free-stream direction

distance from point on sonic-boom pressure signature to point of
zero incremental pressure

Cartesian coordinates of alrfoil secticns, x measured in chordwise
direction

angle of attack of reference line, top of rear fuselage, deg
angle of sideslip of fuselage reference line, deg
sweepback angle of wing leading edge, deg

aileron deflection angle, positive when trailing edge down, deg
elevator deflection angle, positive when trailing edge down, deg
flap deflection, positive when trailing edge down, deg

rudder deflection angle, positive when trailing edge right, deg
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lift-curve slope, per deg

static-longitudinal-stability parameter

change

change

change

change

change

change

change

change

change

change

in

in

in

in

in

in

in

in

in

in

rolling-moment coefficient due to sideslip, per deg

yawing-moment coefficient due to sideslip, per deg

side-force coefficient due to sideslip, per deg

rolling-moment coefficient due to aileron deflection, per deg

yawing-moment coefficient due to aileron deflection, per deg

side-force coefficient due to aileron deflection, per deg

pitching moment due to elevator deflection, per deg

rolling-moment coefficient due to rudder deflection, per deg

yawing-moment coefficient due to rudder deflection, per deg

side-~force coefficient due to rudder deflection, per deg

incremental change in drag coefficient due to sideslip, per deg

incremental change in 1ift coefficient due to sideslip, per deg

incremental change in pitching-moment coefficient due to sideslip,
per deg

incremental change in drag coefficient due to aileron deflection,
per deg

Incremental change in 1lift coefficient due to aileron deflection,
per deg
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— incremental change 1h Prfchihg-momenrte coesf'ididnt e, td, wileron
LBg deflection, per deg
éEQ incremental change in drag coefficient due to rudder deflection,
Aoy per deg
ACT ) .. .
— incremental change in 1lift coefficient due to rudder deflection,
LBy, per deg
ACp . e o .
—_— incremental change in pitching-moment coefficient due to rudder
r deflection, per deg
Subscripts:
max maximum
min minimum

APPARATUS AND METHODS

Experimental Models

The general configuration of the present investigation is similar to that
described in reference 2 except for the addition of vertical and horizontal tails.
It incorporates a highly swept arrow wing having a low ratio of root chord to
length, camber and twist, nacelles (4) integrated into the rearward portion of
the wings, and fuselage camber. (See fig. 1.) This configuration is the fourth
in a series of supersonic transport combinations being investigated by the
National Aeronautics and Space Administration and is generally referred to as
SCAT L.

Basic configuration.- Most of the supersonic tests of this investigation
were made for the model described in figures 1(a) and 1(b) and table I, which
will be referred to herein as the "basic configuration." The volume factor

2/3
YE;_ for an airplane based on this model would be about 0.18. In arriving at

this factor, the volume of the stream tubes on the engine air ducts was subtracted
from the total volume and the rearward end of the fuselage was closed to simulate
a proposed airplane configuration. (See fig. 2.)

Leading-edge droop.- During the development of the proposed configuration,
leading-edge droop was incorporated in the outboard sections of the basic wing
to improve the subsonic characteristics. The effect of this droop, which varied
from O at the wing-fuselage juncture to a maximum of 0.07 inch at the tip, on
the outboard wing section shapes is shown in figures 1(b) and 1(e). The
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Nacelle and fuselage camber deletion.- Experiments were made to determine
the separate effects of deleting the nacelles and fuselage camber at supersonic
speeds and the combined effects of these changes at subsonic and transonic Mach
numbers for the combination with leading-edge droop.

Modifications of fuselage size and shape and dihedral.- Limited experiments
were made late in the investigation of the combined effects of a 25-percent
reduction in fuselage frontal area, a 409 reduction in dihedral, and a forward
movement of the discontinuity of the fuselage contours near the leading edge of
the wing-fuselage juncture. (See fig. 1(c).) The supersonic phase of these
tests was made for a configuration with the nacelles removed; the transonic part
was made with the nacelles and fuselage camber eliminated. The volume factor
for a complete airplane configuration with the reduced fuselage would be about
0.16. Photographs of an airplane based on the configuration with the modified
fuselage and dihedral are shown in figure 1(d).

Fuselage afterbody closure.- The effect of changing the fuselage afterbody
shape from that of the test model with the reduced fuselage size (fig. 1(c)) to
one simulating an airplane configuration was evaluated by using the models of
figure 3. The wings and forebody of the models of figure 3(a) are similar to
those of figure 1 except for removal of the outer portions of the wing panels.
At Mach numbers of 3.0 or greater this modification should have only a slight
effect on the fuselage afterbody drag since most of the disturbances from these
outboard elements pass behind the fuselage for such conditions. ©Solid bodies
simulating the area developments of the forward parts of the inner nacelles with
the inlet stream tube removed have been added to the wing.

Two closed afterbody configurations were investigated. One consisted of a
simple closure of the test configuration in a generally upward direction. This
configuration will be referred to as the "pasic closure." (See fig. 3(a).) For
the second, the aft portion of the fuselage was lowered 0.015 inch while the
trailing edge of the wing near the fuselage was raised 0.015 inch. These changes
have been confined within a Mach cone which is aft of the components of this
model differing from the complete configuration. Thus, aerodynamic increments
obtained should be applicable to the complete configuration. This combination
will be referred to as the "closure with raised wing trailing edge."

The two afterbodies of figure 3(b) for the fuselage alone are similar to
those of figure 1 except for the removal of a small portion of the extreme rear-
ward part of the closed afterbody configuration.

Flaps and controls.- The effects of partial deflections of the main trailing-
edge landing flap and the associated ramp (ref. 3) were investigated in conjunc-
tion with downward deflections of the ailerons. (See fig. 1(a).)

Investigations were also made with deflections of the rudder, ailerons, and
elevator shown in figure 1(a).
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Sonic-~boom contiguratloni-:kfbﬂﬁ)sbaleJuﬁb} o, the.basha m@dgl configura-
tion (fig. &) was investigated to detéfmite ‘tHe®*faresfield pressurdsintensity.
This model is an exact scale model of the basic configuration with the exception
that the volume of the engine nacelles has been evenly distributed along the
rearward region of the wing rather than at four isolated positions along the span.

Facilities and Techniques

Wind tunnels.- Four variasble-density wind-tunnel facilities were utilized
for the present investigation. Subsonic and transonic results (Mach numbers 0.50
to 1.30) were obtained in the Langley 8-foot transonic pressure tunnel which is
capable of continuous operation through the speed range noted without the usual
effects of blockage. Aerodynamic characteristics at a Mach number of 2.0l and
measurements of the sonic-boom intensities at Mach numbers of 1.40 and 2.01 were
obtained in the Langley 4- by 4-foot supersonic pressure tunnel. High super-
sonic results (Mach numbers 2.3 to 3.5) were obtained in the high-speed leg of
the Langley Unitary Plan wind tunnel. Investigations of afterbody closure for
the fuselage alone were made in the 2-foot hypersonic facility at the Langley
Research Center.

Afterbody closure investigation.- The truncated wing-fuselage combinations
were supported on a centrally located internal strain-gage balance which was
attached to a strut passing through the left wing panel and extending well beyond
the wing tip as shown in figure 3(a). The strut was connected to the angle-of-
attack mechanism through a large diameter sting. The model was oriented with the
wing span essentially vertical. For the open afterbody configuration, the aero-
dynamic effects of the sting holding the complete test model were simulated by
an independently mounted dummy sting. The fuselage-alone models of figure 3(b)
were supported by a 0O.5-inch-diameter sting with a constant area extending 4 base
diameters behind the ends of the models.

Sonic boom.- The sonic-boom models were sting mounted on a support system
which provided for remotely controlled adjustments of the longitudinal position
of the model. (See ref. k.)

Test Conditions

Range for force tests.- Tests were conducted over a Mach number range from

0.50 to 3.50 at Reynolds numbers indicated in figure 5. Most of the experiments
were conducted at tunnel static pressures which are designated '"basic" in fig-
ure 5. In order to determine the effects of a variation in Reynolds number,
limited investigations were conducted at tunnel static pressures indicated as

"increased" in figure 5. The angle-of-attack range varied generally from -2°
to 6° at Mach numbers from 0.50 to 1.30; and from -2° to 6° at Mach numbers
from 2.01 to 3.50. Investigations were made at sideslip angles of -2° for Mach
numbers from 0.50 to 1.2 and *1° for Mach numbers from 2.3 to j 5. Investiga-
tions were made for the flap and aileron deflected downward 4° with the ramp

at 2° (fig. 1(a)) at Mach numbers to 2.0. Corresponding deflections of T7° and 3°
were tested at Mach numbers to 1.2. Elevator deflections of -5° and -7° were

o 1
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investigated a.t -Maeﬁ numbe;s frq;ﬂ 050 ta l Q ami -2 250 to :1:.750 at Mach num-
bers of 2.3 to 3. See Rud@et déflectlons°of -50 and -7° at Mach numbers from 0.50
to 1.2, and -5© at Mach numbers of 2.3 to 3.5 were also investigated. Results
were obtalned with the left aileron down 7°, the right up 7° for the configura-
tion incorporating T° of flap deflection at Mach numbers from 0.5 to 1.2. In
addition to the various control deflections investigated, data were obtained with
the complete tail assembly removed.

The afterbody closure investigation utilizing the truncated wing-fuselage
combination was conducted at Mach numbers of 2.96, 3.20, and 3.50 for angles of
attack from about 0° to 3° and through a sideslip-angle range from -2° to 2°
Tests of the fuselage alone (with and without afterbody closure) were conducted
at Mach numbers from 3.0 to 3.5 and at angles of attack from 0° to 4°.

Transition strips.- All experiments were conducted with boundary-layer
transition fixed. The transition strips, composed of carborundum grains set in
a plastic adhesive, were 0.010 inch wide and were located with the forward edges
3/16 inch aft of the wing and tail leading edges, 1/8 inch aft of the inlet lip,
and 3 inches aft of the fuselage nose. The strip on the fuselage nose was com-
posed of No. 60 carborundum grains for all Mach numbers. The other strips were
composed of No. 120 carborundum grains for the tests at Mach numbers from 0.50
to 3.50. In an attempt to assure a turbulent boundary layer most of the studies
were made with a relatively high grain density, approximately 100 grains per
frontal inch. Fluorescent-oll flow investigations, which are described later,
indicated that the transition strips used produced flow patterns typical of those
generally observed with the presence of turbulent boundary-layer flow over a
model. In addition, tests conducted at two Reynolds numbers indicated a change
in drag with Reynolds number close to that predicted using turbulent skin-friction
theory. In order to determine the effect of a decrease in transition~strip grain
density, one experiment was conducted at a Mach number of 2.01 with approximately
20 grains per frontal inch.

Recent unpublished experiments through a wider range of Reynolds numbers
than for the present investigation for a supersonic transport configuration with
transition strips similar to those on the present model have indicated that the
boundary layer was not fully turbulent at supersonic Mach numbers for Reynolds
numbers of the order of the present tests, even though oil-flow surveys indicated
completely turbulent flow. Such a condition may have existed on the present
model at low angles of attack. It is probable, however, that the boundary layer
would become completely turbulent as angle of attack is increased to values close
to those for the full-scale maximum lift-drag condition.

Sonic boom.- Studies with the sonic-boom model were made at Mach numbers
of 1.40 and 2.01 at Reynolds numbers per foot of 3.0 X 106 and 2.5 X 106,
respectively. Model angles of attack were adjusted to obtain 1lift coefficients
of 0, 0.15, and 0.3 at a Mach number of 1.4 and 1ift coefficients of 0, 0.1,
and 0.2 at M = 2.01.

8 .
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Forces.- Measurements of all forces and moments were obtained from an inter-
nally mounted, sting-supported, six-component electrical strain-gage balance.

The static pressure at the base of the fuselage and in the balance chamber
was measured simultaneously by a single pressure transducer. The measurements
were used to adjust the force and moment results to the condition of stream static
pressure at the base of the fuselage. Similar corrections were made for the
static pressures measured at the bases of the nacelles and the base of the open
afterbody of the afterbody closure investigations.

The measured angle of attack has been corrected for tunnel flow angularity
and tunnel sting and balance deflection and is estimated to be accurate within
10.10°,

Internal duct drag.- Previous investigations have indicated that accurate
determination of internal duct drag, particularly at the higher supersonic Mach
numbers, is quite difficult. (See ref. 5.) In order to insure adequate measure-
ments for the present investigation, several precautions (based on exploratory
tests) have been taken. The internal ducting, shown in figure 6, was designed to
provide relatively low Mach numbers in the flow ahead of the exit and sonic flow
at the exit. In addition, the ducting cross section was reduced just behind the
inlet in order to provide reduced mass-flow ratios at subsonic speeds, more
closely simulating conditions which would be experienced in actual flight. (See
fig. T7.) Each inlet had a capture area of about 0.63 square inch, a minimum area
of roughly 0.41 square inch, a maximum area ahead of the exit of 1.23 square
inches, and an exit nozzle area of 0.61 square inch. The design of the exit
nozzle shape was such as to provide a smooth acceleration of the duct air flow
to a Mach number of 1.0 (at stream Mach numbers greater than 1.0). In order to
provide sufficient length for this air-flow acceleration, the nacelles were
extended beyond the wing trailing edge by an amount somewhat greater than that
proposed for an actual airplane. (See fig. 1(a).)

Exploratory tests indicated irregular variations of the static and total
pressures across each duct exit at supersonic stream Mach numbers. In an attempt
to reduce these variations as well as any stream cross flows or fluctuations which
might be present, divider plates were installed which extended into the exit
nozzles approximately 1.2 inches and which separated each exit into four segments
having equal areas. (See fig. 6.) Subsequent static-pressure measurements, both
in the stream and at the wall, indicated that there was essentially no variation
in static pressure within each segment; therefore, only the static-pressure
orifices in each segment wall were used for the rest of the investigations.

Measurements of total pressures in each duct exit showed that, for two seg-
ments, total pressures were fairly constant within the segment whereas for the
other two segments variations in total pressure occurred. The available number
of total-pressure tubes for each exit were then arranged so there were six total-
pressure measurements made in the segments having noticeable total-pressure
variations and three in those having a fairly constant total pressure across the
segment. Actual tube locations were selected to provide measurements at the

S 9
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Mass-flow ratios and internal drag coefficients have been calculated by using
standard procedures. (See ref. 6, for example.) Internal drag coefficients,
presented in figure T, represent a summation of individual point drag values which
were obtained for each of the total-pressure tubes. The model drag results have
been adjusted for both the internal duct drag and also the skin-friction drag
associated with the model nacelle extension which was noted earlier.

The total-pressure measurements on which the internal drag adjustments are
based include the energy loss of the wing boundary layer ingested into the inlets.
This effect, of course, leads to an erroneously high internal drag correction.

It is impossible to calculate the magnitude of this error exactly. However,
estimates indicate that it should probably be less than 0.0001 in drag coeffi-
cient. The basic results presented include no adjustment for such an error.

0il flow surveys.- Studies of the flow about several of the configurations
investigated were made through the use of the fluorescent-oil film method. As
reported in reference 7, the method consists simply of putting a thin film of
lubricating oil on the model and observing the model in the dark with use of
ultraviolet light. The shearing action of the air passing over the mocdel pro-
duced clearly defined patterns of the boundary-layer flow over the surfaces
coated with the oil.

Schlieren.- Schlieren photographs at supersonic speeds were taken with the
use of a single pass system. (See ref. 8.)

Sonic boom.- Measurements of the pressure signatures of the sonic-boom model
were made by means of static-pressure probes located at distances of 12.5, 25,
and 50 inches from the model, measured perpendicular to the free-stream direc-
tion, as described in reference 4. The repeatability of the data is estimated
to be #0.0003 for Ap/p and #0.03 for AX/L. The bow-shock pressure-rise data
obtained by the probe located 50 inches from the model (far-field conditions)
were adjusted for vibration of the model during the investigation in the manner
discussed in reference 4. This adjustment increased the peak pressure by 30 per-
cent. The peak pressures also have been adjusted for the buildup of the laminar
boundary layer on the small sonic-boom model. The stream displacement by the
boundary layer at M = 2.0 is equivalent to an increase of the frontal ares of
the model of approximately 28 percent. The correction to account for this dis-
placement amounted to a l2-percent decrease in the peak-pressure or sonic-boom
level at Cp, = O with lesser correction at other test conditions. Also, the

effect of reducing the relative size of the fuselage from that of the boom test
model to that of the configuration of figure 1(d) has been estimated on the
basis of linear theory.
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Results of this investigation are presented in standard coefficient form
with the longitudinal and lateral results referred to the stability- and body-axis
systems, respectively. Force-test coefficients including those for the afterbody
closure investigation are based on wing areas and the mean aerodynamic chord
listed in table I. The moment reference center was selected to give static sta-
bility at low subsonic speeds and is located at model station 27.87 inches
(61 percent of the body length). The results of this investigation are included
in the following table:

Figure
Subsonic and transonic characteristics:
Trailing-edge F1ap « « « ¢« o « o o o o o o o o o o s o 4 o o e 4. e a . 8
Outboard leading-edge droop . . . . . e e e e e e e e e e e e e e 9
Reynolds number effects on longltudlnal aerodynamic
characteristics . . . . « . . e e e s e e e e e e e e e e e e e 10
Nacelles and fuselage camber effects e e e e e e e e e e e e e e e e e 11
Fuselage size and dihedral effects . . . . . . . « « ¢ « o v o o o o o 12
Iongitudinal control . o « & v ¢ ¢ 4 e i i e e s e s e e e e e e s e e e 13
Sideslip characteristics . . . e e e e e e e e e e e e e e e e e e e 1k
Lateral and directional controls e e h e e e e e e e e e e e e e e e 15
Fluorescent-oil film photographs . « « ¢« « ¢ ¢ o ¢« v ¢ o ¢« ¢ o o o o o 16
Supersonic characteristics:
Combined effects of transition-strip density and Reynolds number . . . . 17
Outboard leading-edge droop . . . . P I <
Reynolds number effects on longltudlnal aerodynamlc
characteristics . . . . . e . e e e e e e e e e e e e 19
Nacelles and fuselage camber effects e e e e e e e e e e e e e e e e e 20
Change in fuselage size and dihedral angle . . . « ¢ ¢« « « « « « o « o & 21
Afterbody closure effects, wing-body . . . « « « ¢ ¢« o « o o « o « o o . 22
Tongitudinal control . & v ¢ o ¢« ¢ v « o o s e 4 s e e s e e 0 s e s e e 23
Sideslip variation + « « « + o o o o o o 4 0 b e e 0 e e e e e 2k
Directional control . . . . e e e e e e e e e e e e e e e e e e e 25
Fluorescent~oil film photographs = &
Schlieren photographs .« « « o o ¢ « o ¢« + o o s o o s o o o o o o « s o 27
Variations with Mach number:
XL/oa and AmfOCE, « « v ¢ v v e e e e e e e 2B
Full-scale Cy, for (L/D)pgx, Cp,mins 804 drag-due-to-1ift factors . . . . 29
Sonie boom:
Pressure signatures . . . e e e e s e e e e e e e e e e e e e 30
Variation of maximum overpressure with CL e e e e e e e e e e e e e 31
Variation of maximum overpressure with altitude . . . . . . . . . . . . 32
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Flaps.- At subsonic and transonic speeds the drag-due-to-lift factors for
the basic configuration without flap deflection (fig. 8(b)) are substantially
greater than that predicted by theory. 0il flow surveys indicate that this
adverse difference results from boundary-layer separation on the upper surface
of the wing. The flap and aileron deflections investigated result in significant
improvement of these factors at 1lift coefficients near those for maximum full-
scale lift-drag ratios (fig. 29). Deflections of T7° are most effective at Mach
numbers from 0.50 to 0.90; 4° is more satisfactory at M = 0.97 to 1.3. (See
fig. 8(b).) (The measured drag-coefficient values at M = 0.97 are lower for
the 7° than for the 4° deflection; however, because of the lesser negative shift
in the pitching moment associated with the 4° deflection, the maximum trimmed
lift-drag ratios at this condition are obtained with the L4° deflection.) These
favorable effects of flap deflections result primarily from the fact that they
allow a substantial reduction of the wing angle of attack required to obtain a
given 1ift coefficient (about 20 for 7° flap deflection of a Mach number of 0.90)
with an associated decrease of the boundary-layer separation on the upper surface.
Flow surveys indicate very little separation on the flap even at the critical
transonic speeds (fig. 16). However, exploratory experiments indicated substan-
tial separation in the region of the flaps without the ramp of the main flap.

Leading-edge droop.- Drooping the wing leading edge results in a small
improvement in the drag at 1lift coefficients for full-scale maximum lift-drag
ratios through the subsonic speed range with little or no effect at the higher
Mach numbers. (See figs. 9(b) and 18(b).) With the flaps deflected and leading-
edge droop the drag-due-to-1lift values at subsonic Mach numbers for 1lift coef-
ficients near those for maximum full-scale lift-drag ratios (fig. 29) are approxi-
mately 1.10 times the theoretical values for these speeds. This difference is of
the order of that for a similar swept-wing configuration designed for subsonic
speeds (ref. 9). This relatively close gpproach of the actual factor to the
?heory results primarily from the near elimination of separation on the wing

fig. 16).

Nacelles and fuselage camber.- At subsonic and transonic speeds, the dele-
tion of the nacelles and fuselage camber from the configuration without flap
deflection (fig ll(b ) provides a significant reduction in drag at angles of
attack corresponding to those for maximum lift-drag ratios, approximately 2°, with
the flaps deflected. (See figs. 8(b) and 29.) At Mach numbers of 0.90 and 1 2,
this reduction in drag coefficient is approximstely 0.0020. This decrement is
substantially greater than the computed skin-friction drag coefficients of the
nacelles of about 0.0009 for these same Mach numbers. The additional difference
probably results from inlet spillage associated with the relatively low inlet
mass-flow ratios for these conditions (fig. 7) and the effect of fuselage camber.
Inlet spillage is probably the larger factor.

At all supersonic test Mach numbers, removal of the engine nacelles from the
basic configuration having leading-edge droop (fig. 20(b)) results in a notice-
able increase in the drag coefficients at 1ift coefficients near those for the
full-scale maximum 1lift-drag ratios (see fig. 29) even though the configuration
wetted area is significantly reduced by this change.
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Deletion of the fuselage cambe“x’ (from-t.he‘tga,sn_c c‘qnfl ralzlh,n w1th leading-
edge droop and nacelles removed) is seen to have only'small eﬂfdcts* supersonic

speeds on drag at 1ift coefficients near those for the maximum 1ift- drag ratio.
(see fig. 20(b).)

Fuselage size and dihedral, combined.- Results showing the combined effects
of reductions in fuselage size and dihedral and a forward shift in the longitu-
dinal position of the fuselage corner near the wing-leading-edge—fuselage Jjunc-
ture for the configuration with no flap deflection and with nacelles and body
camber removed are given in figures 12(b) and 21(b). At angles of attack (approx-
imately 2°) near those for maximum lift-drag ratios (for the combination with
flaps deflected) the total decrements associated with these changes are about
0.0010 at a Mach number of 0.90, and 0.0020 at M = 1.03. (See fig. 12(b).) The
subsonic difference is approximately 50 percent greater than that estimated for
the changes in skin friction and induced drag. The additional change might have
resulted from a favorable effect of the more forward location of the fuselage
corner. The greater effects of these changes at transonic speeds are approxi-
mately equal to the change in wave drag estimated for the differences in the
area developments (fig. 2).

The changes hoted result in reductions in the drag coefficients at 1ift
coefficients near those for the maximum full-scale lift-drag ratios (fig. 29) at
all supersonic Mach numbers (fig. 21(b)). At a Mach number of 3.2 this reduction
is approximately 0.0006. Estimates have indicated that of this total reduction,
the variation in fuselage size contributes approximately 0.0003; the reduction
in wing dihedral, 0.0002; and the forward movement of the fuselage corner, the
rest. This latter effect results from a significant reduction of the local
slopes of the supersonic-area developments for the combination at longitudinal
stations near the leading edge of the wing-fuselage Jjuncture. It might be
expected that the decrements due to the variations investigated for the nacelle-
on configuration would be approximately similar to these measured values since
there would probably be no significant mutual interferences between the effects
of nacelles and the influences of the changes investigated.

Afterbody closure.- Because of a considerable question as to the drag incre-
ment due to closing the fuselage afterbody from the configuration required for
the model tests to one corresponding to a possible airplane configuration, a
significant effort was made to evaluate this effect experimentally at supersonic
speeds. Results obtained for opened and closed afterbodies of the reduced fuse-
lage in the presence of a simulated wing, but with no tail surfaces (fig. 3(a))
are given in figure 22 for Mach numbers from 2.96 to 3.50. Both the basic closure
and that with the wing trailing edge raised result in a drag-coefficient increase
of about 0.00015 for angles of attack near those for the full-scale (L/D)payx,

about 2°, at a Mach number of 3.2. For the basic closure the 1lift coefficient is
reduced by sbout 0.001l. With the wing tralling edge raised no change in 1lift was
measured. Application of these increments to the results for the complete con-
figuration indicates that the drag coefficient for a given 1lift coefficient near
that for maximum lift-drag ratio is increased by 0.00025 for the baslc closure
and 0.00015 for the configuration with the raised trailing edge. The improvement
for this latter configuration results primarily from a reduced interference of
the flow fields of the wing and fuselage afterbody.
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An 1ndlgat;bn.of~tge magnltudgs dEathe'aErdaynamlc interferences between
the fleldsﬂqt k% ¥ing 4ng’ Tuselage on the wave drag may be cbtained by comparing
the drag decrements just noted with those obtained from an investigation of the
open and closed afterbodies alone. A drag-coefficient decrement of 0.0005 was
measured for the closure of the body alone at conditions close to those for which
the decrements noted previously for the simulated wing afterbody configurations
were obtained. This favorable effect of afterbody closure for the fuselage alone
results from the fact that the decrease of skin-friction drag associated with the
reduction of wetted area is greater than the relatively small increase of wave
drag for the high-fineness-ratio afterbody.

Mach number.- The variations with Mach number of the minimum drag coeffi-
cient for the most nearly symmetrical configuration, that is, the basic configura-
tion without leading-edge droop or flap deflection, is shown in figure 29. At
supersonic Mach numbers the minimum drag decreases with increase in Mach number
approximately as predicted on the basis of turbulent skin-friction theory
(ref. 10) and linear-wave theory to a Mach number of approximately 3.2. At a
Mach number of 3.5 the minimum drag increases abruptly above the trend defined
by the lower Mach number data. As suggested in reference 2, this increase in
drag is probably due to the convergence of positive disturbances along the leading
edge of the wing.

The variation with Mach number of the drag-due-to-lift factor is also pre-
sented in figure 29. These factors were obtained by subtracting the minimum
drag coefficients previously described from the drag coefficients for the basic
configuration with leading-edge droop and optimum flap deflections at 1lift coef-
ficients near those that would probably be required to obtain maximum full-scale
lift-dreg ratios. At supersonic Mach numbers from 2.6 to 3.5, the drag-due-to-
1lift increase is approximately as predicted by linear theory. At a Mach number
of 2.3 the drag due to 1lift is significantly higher than the trend defined by
the data obtained at the higher Mach numbers. This increase in drag can be
attributed to separation of the flow on the upper surface of the wing at this
off-design condition.

Lift-drag ratios.- Because of the question related to the condition of the
boundary layer for the present investigation, which was noted earlier, no attempt
is made herein to predict full-scale maximum lift-drag ratios for the proposed
configuration. However, estimates (not presented) based on these experimental
results suggest that an airplane typified by the proposed combination would
achieve relatively high 1lift-drag ratios at supersonic Mach numbers to 3.20 and
satisfactory 1lift-drag ratios at subsonic and transonic speeds.

Inlet Simulation

Examination of the oil flow and schlieren photographs (figs. 26 and 27)
indicates that, in contrast to the condition which existed at transonic speeds
and which was noted previously, the inlets are operating properly in the super-
sonic range and the local entering flow is reasonably alined with the inlet.

0 .
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It may be noted 1 figure ? %hh& the masé;@low rat1Qs'neaz'tﬁb‘de51gn Mach
number (3.2) are notlceably greater than 1.0, * Phes’ eﬁfbét'ls assocza@ed with the
deceleration of the flow over the wing lower surface Just ahead S the inlet, and
should allow the use of an inlet somewhat smaller than that which would be
required if the inlet was located in the free stream.

No boundary-layer diverter was included in the model inlet system, although
a diverter might possibly be required for a proposed full-scale vehicle. It is
felt, however, that the drag increment associated with such a diverter would be
slight since the distance from the wing leading edge to the inlet is relatively
short and the height of the required diverter, therefore, would be small.

Stability and Control

Trimming moments.- For the selected center-of-gravity location the complete
configuration with leading-edge droop, 70 of flap deflection, and the basic 0°
elevator deflection is trimmed at 1ift coefficients slightly below those for
full-scale maximum lift-drag ratios (fig. 29) at Mach numbers to 0.90 (fig. 9(c)).
At transonic Mach numbers the configuration with 4° flap deflection trims at 1lift
coefficients well below those for maximum 1lift-drag ratio.

Results for the basic configuration with leading-edge droop show that at
supersonic speeds, for the selected center-of-gravity location, trim occurs at
1ift coefficients close to those for the full-scale maximum l1ift-drag ratios.
Examination of the results presented in figure 21(c) indicates that variations
in fuselage size and wing dihedral have only slight effects on trim. On the
other hand, fuselage camber (fig. 20(c)) and afterbody closure (fig. 22) result
in a fairly constant positive shift in pitching moment (and, therefore, increases
in lift coefficients for trim) throughout the supersonic Mach number range.

Longitudinal stability.~ The flap deflections required to obtain improved
(L/D)pgx for the various subsonic and transonic conditions also significantly

increase the 1ift coefficients for pitch-up (fig. 8(c)). The wing leading-edge
droop further increases the 1lift coefficient for pitch-up in the subsonic speed
range with essentially no effect at transonic Mach numbers (fig. 9(c)). With
the flap deflection and wing leading-edge droop, the 1lift coefficient for pitch-
up is delayed to coefficients well beyond those required for full-scale maximum
lift-drag ratios.

The pitch-up for the configuration with the nacelles and fuselage camber
deleted is much more severe than for the complete configuration (fig. 11(c)).
This difference results from a favorable effect of the nacelles on the boundary-
layer separation similar to that described in reference 11.

At the 1ift coefficients for maximum lift-drag ratios, the longitudinal
stability parameter BCm/BCL is about ~0.08 at M = 0.90, and -0.14 at M = 1.2

(fig. 28). The effect of the tail on the subsonic and transonic longitudinal
stability is shown in figure 13(c).
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Exa.mma.t&oo-og thS supersqhii: 1tgh1n&—momen§ resultSsfor the basic con-
figuration Gflg °ﬂ&Kc)? Lnd;pétQScﬁgav‘tﬁé variations with 1ift coefficient are
reasonably Teneat* ovVer the probable flight lift-coefficient range. At the 1lift
coefficients for maximum full-scale lift~drag ratio, the longitudinal stability
parameter varies from -0.19 at a Mach number of 2.60 to -0.11 at a Mach number
of 3.50 (fig. 28). The effect of the horizontal tail on the supersonic longi-

tudinal stability is shown in figure 23(c).

Removal of the nacelles from the basic configuration with a drooped leading
edge results in substantial adverse effects on stability (fig. 20(c)). These
changes are associated with the increase in upper-surface separation which was
noted in the discussion of the transonic characteristics.

Lateral stability.- The limited results in sideslip of figure 14(d) indicate
an Increase in the positive directional and lateral stability of the configura-
tion with an increase in angle of attack throughout the subsonic and transonic
speed ranges. The directional stability parameter for the configuration with
empennage on at an angle of attack of 1.5° ranges from 0.0015 at a Mach number
of 0.50 to 0.0023 at a Mach number of 1.20. Values of positive effective dihedral
at these Mach numbers and o = 1.5° are -0.0031 and -0.0033, respectively.

Lateral stability derivatives for the basic, drooped-leading-edge configura~
tion at Mach numbers near 3.0 and angles of attack near those for maximum 1ift-
drag ratios are given in figure 24 and are seen to be -0.0015, 0.0019, and
-0.0071 for ClB, CnB’ and CYB’ respectively, for the configuration with empen-

nage on.

Controls.- The results presented in figures 13 and 15(d) indicate that the
elevgtor, rudder, and aileron deflections investigated provide values of CmSe’

Cng,.s and Cps O -0.0026, -0.0011, and -0.0002, respectively, at a Mach num-

ber of 0.90 and an angle of attack of 1.5°. The marked change in pitching moment
associated with the aileron deflection results from varying the deflection of the
right aileron only.

Effectiveness parameters for the horizontal (elevator) and vertical (rudder)
tail controls at Mach numbers near 3.0 have values of -0.0006, -0.0004 per degree
for Cpg, and Cpy , respectively. (See figs. 23 and 25.)

r

Sonic Boom

The bow-shock overpressure (sonic-boom level), as obtained by adjusting
tunnel datsa (fig 30) for the alrplane configuration with the reduced fuselage
size (fig. 51) has been extrapolated, on the basis of reference 4, to meet flight
conditions for Mach numbers of 1.40 and 2.0l and for a wing loading W/S of
65 1b/sq ft, as shown in figure 32. In the extrapolation of the data, complete
reflection of the bow shock at the ground was assumed and, as suggested by ref-
erence 4, the reference pressure was chosen simply as the measured atmospheric
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pressure at midaltitud@? An andlys$§.of tBe dpta Qf f}gurafSE'lpd;oates that a
maximum overpressure of 1.5 lb/sq £t woufa*pe produéed, o b Bhe &I‘b‘tmé by the con-
figuration in straight and level flight at 58 000 feet for a Macy number of 2.01
and at 48,000 feet for a Mach number of 1.40. The corresponding 1lift coeffi-
cients for these conditions are Cp, = 0.145 and Cy, = 0.175, respectively.

CONCLUDING REMARKS

The experimental results presented herein indicate that the proposed arrow-
wing transport airplane configuration has satisfactory high subsonic, transonic,
and off-design supersonic aerodynamic characteristics, as well as relatively high
lift-drag ratios at the cruise speeds near a Mach number of 3.2 and low sonic-
boom pressures.

Langley Research Center,
National Aeronautics and Space Administratien,
Langley Station, Hampton, Va., January 9, 1963.
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*PABLE I. —:DES;FIIHTOH OF-chEIGUEAjg S see ue
(a) Dlmen51on; ° - cee 5.:

Small fuselage,

Basic
reduced dihedral
Wing:
Sweep, A, A€ « + o o @ o s e e e e e e e e .5 .3
Aspect ratio, A « « ¢« « o ¢« ¢« o 0 o e o o 1.72 1.75
Taper ratio « « . e e e e e e e e e e e e 0.15 0.15
Root chord/Length e e e e e e e e e e e e e 0.53 0.53
Area, SQ ft « « o o &« 0 o 0 e e e e e e 0. 1.43 1.45
Mean aerodynamic chord, ft . . . . « . « . . . 1.08 1.08
Span . . . T 1.57 1.59
Airfoil sectlon e v e e e s e s e e e e e e e e Modified Modified
circular arc circular arc
t/c (mean) . . . e e e e e e e e e e 0.05 0.05
Twist (overall), deg
Drooped leading edge . o« « « o « « & o o o . 2.8 2.8
Undrooped leading edge . . . + .+ « « « + .+ & 1.9 1.9
Incidence (mean)(leading edge
drooped), AeZ « « « + 4 ¢ 4 e 4 e e s e 0 e 1.5 1.5
Dihedral (mean), deg . « « « « « v « o o o « 19 15
Horizontal tail (fuselage afterbody closed):
Sweep, A, AeZ + « ¢ o e e 4 e e e e e e e . . 68 68
Aspect ratio, A . ¢« ¢« ¢« ¢ ¢ o« v o e e e 1.72 1.72
Taper ratio . . . e e e e e e e e e e e . 0.25 0.25
Exposed area/Area w1ng C e e e e e e e e e 0.086 0.086
AMrfoil v v v v 4« v o o « « o o+ s + « + o o JClircular arc Circular arc
B/C v v e e e e e e e e e e e e e e e e e 0.02 0.02
Incidence, deg . . . « « « « o « o 0 e s 0 .o 1.0 1.0
Dihedral, deg . « « « ¢ o « o o o o o &+ o o o o 22 22
Elevator/Stabilizer area (exposed) . « « . « . 0.3k4
Vertical tail:
Sweep, A, deg . « o ¢ 4 v e e e e e s e s e e > 6
Aspect Tatio, A . v & v v v v e e e e e e e 0.48 0.48
Taper 7atio v & o o ¢ ¢ o ¢ ¢ o+ o o o o o 0 . 0.20 0.20
Area/Wing area . .« .+ ¢« o 4 e 4 e w4 e e 0.085 0.08%4
Airfoil section . . . . « . + « + . « + . . . JCircular arc Circular arc
Rudder/Tail area . « « « o « o« o o = = « « o = 0.25
Fuselage:
Frontal area/Wing area . . « « « o« « o « o « =« 0.023 0.016
Fineness ratio . . . . « ¢ « ¢« ¢ ¢ ¢« ¢ o o o & 19 22
Airplane:
2/%/ c e e e e e e e e e e 0.178 0.162
Total wetted area/W1ng ATEA + . e e e e e e 3.4 3.3
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TABLE I.- DESCRIPTION OF CONFIGURATIONS . éontinugd: :

(b) Fuselage coordinates - Concluded

Distance

Fuselage coordinates, in., for -

Side view

from Closed afterbody Plan view
nose, in. Closed afterbody with fuselage referenced to
lowered center line
Upper Lower Upper Lower
surface surface surface surface
0.25 0.20 0.16 0.20 0.16 0.02

11 1.00 -.82 1.00 -.82 .93
11.50 1.03 -.87 1.03 -.87 .97
12 1.0k -.92 1.04 -.92 1.01
12.50 1.03 -.97 1.03 -.97 1.05
13 1.00 -1.01 1.00 -1.01 1.09
13.50 .95 -1.05 .95 -1.05 1.11
14 .90 -1.10 .90 -1.10 1.12
15 .82 -1.19 .82 -1.19 1.125
16 CTh -1.28 n -1.28 1.125
17 .65 -1.36 .65 -1.3%6 1.125
18 57 ~1.hh ST -1.44 1.125
19 .50 -1.51 .50 -1.51 1.125
20 45 -1.56 43 -1.56 1.125
21 .39 -1.62 .37 ~1.62 1.125
22 .35 -1.66 .33 -1.66 1.125
23 .32 -1.70 .28 -1.71 1.125
2k .30 -1.72 24 -1.73 1.125
25 .28 -1.73 .22 -1.76 1.125
26 .28 -1.73 .21 -1.78 1.125
27 .28 -1.73 .20 -1.79 1.125
28 27 -1.72 .19 -1.80 1.11
29 27 -1.70 .18 -1.80 1.09
30 27 -1.66 AT -1.77 1.07
31 .27 -1.6k4 .16 ~1.73 1.03
32 .27 -1.58 .15 -1.68 .98
33 .26 -1.51 .13 -1.61 .93
34 .26 -1.43 12 -1.53 87
35 .25 -1.33 11 ~1.44 .81
h7.12 .25 .01 11 -.12 1
h7.25 .13 .13 0 0 0

2l




22

.o tes
e O° :.:
DESCE

(c) Airfoil coordinates

PiléN.Q% congieuhrIons - Yontimed

Airfoil coordinates, in., for -
Distance from
leading edge, Drooped leading edge
in.
Upper surface Lower surface
Span station = 1.80 in.

0 0 0
.2 .075 -.065
5 .110 -.105
1.0 .130 -.165
2.0 .160 -.270
3.0 .165 -.380
L.o 165 -.485
5.0 .155 -.580
6.0 .130 -.665
7.0 -095 -.750
8.0 .060 -.815
9.0 -.005 -.860
10.0 -.075 -.895
11.0 -.155 -.895
12.0 -.245 -.895
13.0 -.325 -.880
14.0 -.410 -.845
15.0 -.ho5 -.815
16.0 -.595 -.Th0
16.70 -.670 -.670

Span station = 3.04 in.

0 0 0
.2 .075 -.065
.5 .105 -.100
1.0 .1%0 -.160
2.0 .170 -.265
3.0 .185 -.370
4.0 .185 -.460
5.0 .160 -.535
6.0 .135 -.605
7.0 .080 -.640
8.0 .025 ~.660
9.0 -.065 -.660
10.0 -.165 -.640
11.0 -.290 -.615
12.0 -.420 -.570
12.65 -.510 -.510




TABLE *.- DESCRPPTION QF @QI:IF&}EJR.J’!J;IGI:I'é : Honfigteae,

(c) Airfoil coordinates - Continued

Distance from

Airfoil coordinates, in., for -

leading edge, Drooped leading edge Undrooped leading edge
in.
Upper surface Lower surface | Upper surface Lower surface
Span station = 4.23 in.

0 0 0
.2 .085 -.070
.5 .120 -.115

1.0 .155 -.980

2.0 .200 -.975

3.0 .225 -.950

k.o .240 -.945

5.0 -255 -.955

6.0 .270 -.960

7.0 .290 -.980

8.0 .305 -.995

9.0 .320 ~-1.000

10.0 .335 -1.010
10.81 .340 1.040
Span station = 5.42 in.

0 0 0.042 0.042
.2 . 060 -.070 .115 -.010
.5 .090 -.095 .150 -.050

1.0 .120 -.140 .185 -.090

2.0 .160 -.205 .220 -.170

3.0 175 -.260 .220 -.240

4.0 .180 -.295 .195 -.285

5.0 .150 -.305 .150 -.305

6.0 .085 -.300 .085 -.300

7.0 .010 -.275 .010 -.275

8.0 ~-.070 -. 230 -.070 -.230

9.0 -.145 -.170 -.145 -.170

9.025 -.150 -.150 -.150 -.150
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Sncluded

Distance from
leading edge,

Airfoil coordinates, in., for -

Drooped leading edge

Undrooped leading edge

in.
Upper surface Lower surface | Upper surface Lower surface
Span station = 6.60 in.

0 0 0 0.052 0.052
.2 .095 -.055 .135 -.015
.5 .135 -.085 .170 -.0k5

1.0 .180 -. 740 .210 -.740

2.0 .240 -.880 . 260 -.860

3.0 .295 -.850 .310 -.850

k.0 .340 -.830 355 -.830

5.0 -390 -.820 405 -.820

6.0 450 -.810 450 -.810

7.0 495 ~-.800 495 -.800

7.45 .520 -.800 .520 -.800

Span station = 7.80 in.

0 0 0 0.061 0.061
.2 .055 -.055 .105 -.005
.5 .095 -.075 .135 -.045

1.0 .135 -.085 .160 -.075

2.0 .190 -.095 .190 -.095

3.0 .190 -.090 .190 -.090

4.0 .160 -.060 .160 -.060

5.0 .100 -.020 .100 -.020

5.9 .03%0 .030 .030 .030

Span station = 8.98 1in.

0 0 0 0.070 1.070
.2 075 -.045 .125 .000
.5 115 -.060 .140 -.005
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Figure T.~ Variation with Mach number of nacelle mass-flow ratio and internal drag and base drag
coefficients.
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Figure 11.- Effect of nacelles and fuselage camber on the high subsonic and transgnic aerodynamic
characteristics. Wing outboard leading edge drooped; Bdf = OO; 8y = OO; 8e = 0%; Py = 1 atm.
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Figure 13.- Effect of elevator deflection and empennage on the high subsonic and transonic longi-
tudinal aerodynamic characteristics. Wing outboard leading edge undrooped; dr = 79 &4 = 7°;

pt =1 atm.
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Figure 19.~ Effects of Reynolds number variation at M = 2.96.
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